The magnetic relaxation processes following the dynamical excitation of the spin system of ferromagnets are investigated by ferromagnetic resonance ͑FMR͒ between 1 and 70 GHz using epitaxial Fe 3 Si films as a prototype system. Two relaxation channels, i.e., dissipative, isotropic Gilbert damping G as well as anisotropic two-magnon scattering ⌫, are simultaneously identified by frequency and angle dependent FMR and quantitatively analyzed. The scattering rates due to two-magnon scattering at crystallographic defects for spin waves propagating in ͗100͘ and ͗110͘ directions, ␥⌫ ͗100͘ = 0.25͑2͒ GHz and ␥⌫ ͗110͘ = 0.04͑2͒ GHz, and the Gilbert damping term G = 0.051͑1͒ GHz are determined. We show that changing the film thickness from 8 to 40 nm and slightly modifying the Fe concentration influence the relaxation channels. Our results, which reveal the contributions of longitudinal and transverse relaxation processes may be of general importance for the understanding of spin-wave dynamics in magnetic structures.
I. INTRODUCTION
Understanding the magnetic relaxation processes in nanoscale devices has become one of the most interesting challenges in magnetism to date. Linear and nonlinear 1 processes have to be involved to understand new effects such as the vortex core-driven magnetization dynamics, 2 gyroscopic vortex reversal, 3 and ultrafast magnetization reversals by magnetic field pulses or by torque transfer from spinpolarized currents. [4] [5] [6] [7] The relaxation of the excited magnetic state involves the dissipation of magnetic energy into spinwave states, a process which microscopically has not been fully understood since it involves the scattering at defects and longitudinal and transverse relaxation mechanisms. While most experimental studies analyze the overall dynamic response in the framework of the Landau-LifshitzGilbert equation 8 using one phenomenological parameter only, few experimental studies [9] [10] [11] [12] [13] [14] have addressed the microscopic origin by trying to distinguish different relaxation channels, which either keep the transverse or the longitudinal component of the magnetization constant. In general, magnetic damping can be split into two fundamentally different channels: ͑i͒ Gilbert type relaxation, for which the energy is directly transferred to the lattice, and ͑ii͒ non-Gilbert-type damping, which leaves the energy in the spin subsystem by scattering into magnons with nonzero wave vector ͑k 0͒ and is analogous to a dephasing of the spin precession ͑trans-verse relaxation͒.
This study gives a detailed and quantitative explanation of the damping processes within thin Fe 3 Si films grown epitaxially on MgO͑001͒. The Heusler-like alloy Fe 3 Si may be an interesting material for spintronic devices 15, 16 and it can also be viewed as a prototype system for the investigation of relaxation mechanisms due to its narrow ferromagnetic resonance ͑FMR͒ linewidth. The results of extensive frequencydependent ͑in the range of 1 -70 GHz͒ as well as angle dependent measurements of the FMR linewidth are presented. Fe 3 Si is ordered in the cubic D0 3 structure ͓see Fig.  1͑a͔͒ . The narrow FMR linewidth leads to a precise determination of the magnetic relaxation parameters of these samples. The benefit of the epitaxial Fe 3 Si is that one can distinguish different contributions to the FMR linewidth due to Gilbert damping and other relaxation terms. We present a general model to explain the experimental results of both the angular and frequency dependencies of the FMR linewidth yielding a unique set of relaxation parameters. Moreover, we will show that the relative strength of the relaxation parameters can be tuned by changing the film thickness and also by slightly modifying the Fe content.
II. THEORETICAL BACKGROUND
The motion of the sample magnetization M ជ in an FMR experiment can be described by
where B ជ eff is the effective field, which consists of external as well as internal fields, and ␥ is the gyromagnetic ratio given by g B / ប. Considering only the first term in Eq. ͑1͒, one can easily derive the resonance condition 17 ͩ
The partial derivatives are evaluated at the angles eq and eq ͑the equilibrium angles of the magnetization͒, which mini- For a cubic ferromagnetic thin film, the free energy density includes the Zeeman energy, exchange energy, demagnetizing energy, the perpendicular uniaxial K 2Ќ , in-plane uniaxial K 2ʈ , as well as the cubic K 4 anisotropy energy density,
Here, B ͑͒ and B ͑͒ are the polar and azimuthal angles of the external field B ជ ͑magnetization M ជ ͒ with respect to the ͓001͔ and ͓100͔ directions. ␦ is the angle of the in-plane uniaxial anisotropy with respect to the ͓100͔ direction. This approach is used to determine the anisotropy constants of the system in an FMR experiment. 18 The last term in Eq. ͑1͒, R ជ , represents the precessional damping of M ជ , which may be written in different phenomenological forms ͑e.g., Gilbert, Landau-Lifshitz, and Bloch-Bloembergen͒. 12 It leads to a finite width of the resonance signal within an FMR experiment. However, also the torque term ͑M ជ ϫ B ជ eff ͒ may lead to non-Gilbert type relaxation mechanisms that cannot be included into the conventional damping term. The interplay between Gilbert and non-Gilbert relaxation mechanisms is the focus of the present work and will be discussed in terms of linewidth contributions in the following.
The measured FMR linewidths in this work are analyzed considering four different contributions,
Here, ⌬B denotes the peak-to-peak linewidth of the FMR signal. B denotes the two angles B and B , the first being the polar angle of the external field measured with respect to the film normal and the second the azimuthal angle of B ជ measured with respect to the in-plane ͓100͔ direction.
In the following, we briefly describe the four different contributions to the FMR linewidth within Eq. ͑4͒.
͑i͒ The Gilbert contribution ⌬B
Gilbert
. In various magnetic systems, the damping can be described by the phenomenological Gilbert damping parameter G. 8 Sometimes, the dimensionless parameter ␣ is given instead, which is related to G according to ␣ = G / ͑␥ 0 M͒. If the Gilbert damping represents the entire intrinsic damping, then it follows from the Landau-Lifshitz-Gilbert equation of motion 8 that the FMR linewidth would depend linearly on the microwave frequency. 12 In order to determine G or ␣, frequencydependent FMR measurements over a large range of microwave frequencies are needed. Note that the linear frequency dependence of FMR linewidth is valid only when the magnetization and external magnetic field are parallel to each other. Otherwise, the so-called field-dragging contribution has to be included. If one wants to express relaxation rates in terms of linewidths, i.e., to convert from frequency-swept to the field-swept linewidth measured by FMR, one can use the following conversion ͑see, for example, Refs. 12 and 19 and references therein͒:
Here, ⌬ ͑ ␥ ͒ is the frequency-swept linewidth written in magnetic field units. The suffix "res" indicates that dB res ͑ , B ͒ / d has to be calculated at the resonance condition. At resonance, B within Eq. ͑5͒ may depend on . This is the case when a spatial distribution of the resonance condition and, consequently, of the resonance frequency ͑or, equivalently, resonance field͒ is present within the sample and is usually termed ͑magnetic͒ mosaicity. In general, Eq. ͑5͒ has thus to be written as
The first term in Eq. ͑6͒ is commonly called the fielddragging contribution because the partial derivative gets large at angles for which the magnetization M ជ is dragged behind B ជ due to magnetic anisotropy effects. The second term in Eq. ͑6͒ is commonly called the mosaicity contribution. From a standard analysis of the torque equation, the first term in Eq. ͑6͒ is the Gilbert damping contribution in Eq. ͑4͒ and can be written as 20 
⌬B
where ␤ is the angle between the magnetization M ជ and external field B ជ . For the in-plane configuration, ␤ = eq − B , and for the out-of-plane configuration, ␤ = eq − B . Field dragging ͑cos ␤ term͒ in general enhances the damping and only along the hard and easy axes of magnetization, for which M ជ and B ជ are parallel, the dragging contribution vanishes. ͑ii͒ Line broadening due to mosaicity ͑⌬B mosaic ͒ ͓second term in Eq. ͑6͔͒. This term is caused by a small spread of sample parameters on a very large scale. 21 This variation can be found in the internal fields, thickness, or orientation of crystallites within the sample. The individual regions thus have slightly different resonance fields. The overall signal will be a superposition of these local FMR lines yielding a broader linewidth. We consider fluctuations of the directions of the anisotropy fields by the mosaicity contribution given by 21 
where
represent the average spread of the direction of the easy axes in the film plane and normal to the film, respectively. Note that for frequency dependent measurements along the easy and hard axes, the partial derivatives are zero and thus the mosaicity contribution vanishes. There are, however, mechanisms, which cannot be written in Gilbert-like form. 12 ͑iii͒ The two-magnon scattering contribution ⌬B 2mag . The two-magnon scattering is a process where the k = 0 magnon excited by FMR scatters into degenerate states of magnons having wave vectors k 0. 19 This process requires that the spin-wave dispersion allows for degenerate states, and that there are scattering centers in the sample. The geometrical separation of the scattering centers is connected to the extension of the final magnon states in real space. If long wavelength spin waves are involved in the relaxation process, defects of the order of several hundreds of nanometers rather than atomic defects act as scattering centers. The existence of two-magnon scattering has been demonstrated in many systems of ferrites ͑see Refs. 9, 22, and 23 and references therein͒. While in bulk materials this is well known, it was only recently found by several groups to be of major importance also in superlattices 13, 14 and ultrathin ferromagnets. 21, 24, 25 The linewidth ⌬B 2mag caused by the two-magnon scattering mechanism is a measure of the scattering rate of the uniform ͑k =0͒ precession magnons into other spin-wave modes ͑k 0͒. 9, 13, 14, 26, 27 For a homogeneously magnetized thin film, ⌬B 2mag can be expressed as [28] [29] [30] 
with 0 = ␥ 0 M eff = ␥͑ 0 M −2K 2Ќ / M͒ and 0 M eff being the effective magnetization that consists of 0 M and the intrinsic out-of-plane anisotropy field 2K 2Ќ / M. 0 M eff can be determined by analyzing the angle dependent FMR resonance field according to Eq. ͑2͒. The factor ⌫ ͗x i ͘ denotes the strength of the two-magnon scattering along the principal in-plane crystallographic direction ͗x i ͘. This parameter will be fitted to the experimental data. It should be noted that in Refs. 28-30 only the frequency-dependent part of the FMR linewidth was derived ͓⌫ arcsin͑¯͒ term in Eq. ͑9͔͒. The additional terms added to this contribution will be explained in the following. The f͑ B − ͗x i ͘ ͒ term allows for the twomagnon contribution to depend on the in-plane direction of B ជ relative to the principal in-plane crystallographic directions ͗x i ͘ given by the angles ͗x i ͘ . An angle dependent twomagnon scattering may occur when the scattering centers are not isotropic within the sample. In the case that the centers are given by lattice defects, the angular dependence should reflect this lattice symmetry. In the case that different contributions of two-magnon scattering along the principal crystallographic directions ͗x i ͘ occur, one has to sum up these contributions weighted by their angular dependence given by f. The step function U͑ eq − c ͒ in Eq. ͑9͒ is equal to 1 for eq Ͼ c and zero for eq Ͻ c . It is used to describe the "switching off" of the two-magnon scattering at a critical out-of-plane angle of the magnetization. 31 Theoretically, it is shown that in oblique configuration, when the magnetization is tipped out of the film plane, finite wave vector modes are degenerate with the FMR mode for ͉ eq ͉ Ͼ ͉ c ͉ = 45°. Thus, the two-magnon scattering should be operative in this regime of the tipping angle, but it should shut off for ͉ eq ͉ Ͻ ͉ c ͉ = 45°͓see, for example, Eqs. ͑25͒-͑27͒ of Ref. 31͔. Such behavior is observed very often in thin metallic ferromagnets. 12, 14, 25, 32 We emphasize that no analytical formula for the angular dependence of the FMR linewidth due to two-magnon scattering has been reported for ͉ eq ͉ Ͼ 45°a nd, thus, for simplification, we neglect the angular dependence of the two-magnon scattering in this regime and approximate the polar angular dependence of the two-magnon scattering by a step function. There are reasons to believe that this indeed is an appropriate approximation. ͑i͒ All experimental data reported so far have shown practically no change in the FMR linewidth for ͉ eq ͉ Ͼ 45°͑see also Refs. 12, 14, 25, and 32͒, which means that the scattering matrix is rather angle independent. ͑ii͒ The overall angular dependence of the FMR linewidth in the out-of-plane configuration for which the static field is varied from the in-plane to the out-of-plane direction is governed by the mosaicity term.
Moreover, Ref. 10 shows that the angular dependence due to two-magnon scattering for most cases should lead to a reduction of the linewidth with respect to the in-plane value. This is, however, not observed in the experiment due to the larger dragging and mosaicity contribution. Therefore, the angular dependence caused by two-magnon scattering can be neglected for ͉ eq ͉ Ͼ 45°. The few studies that experimentally evidence two-magnon scattering in ferromagnets base their conclusion either on the frequency dependence of the linewidth being not linear 13, 14 or on the angular dependence of ⌬B at fixed frequency alone. 14, 21, 24, 25 Although for our films fluctuations of the thickness and thus fluctuations of the strength of the anisotropy fields are small, we add a frequency and angle independent broadening term ⌬B inhom to Eq. ͑4͒ to account for them. 12 ⌬B inhom added to the model represents a frequency and angle independent broadening, which cannot be written in the other forms ͑Gil-bert or two-magnon scattering term͒. As we will show, this contribution plays a minor role in our samples.
III. EXPERIMENTAL DETAILS
8 and 40 nm thick alloy films of nominal composition Fe 3 Si and an 8 nm thick alloy film of nominal composition Fe 80 Si 20 were grown by molecular beam epitaxy on MgO͑001͒ by codeposition of the isotope 57 Fe and Si at a substrate temperature of T S = 480 K with a growth rate of about 1 nm/ min, as monitored by a calibrated quartz crystal microbalance. The 8 nm films were annealed in situ under ultrahigh vacuum ͑p ϳ 1 ϫ 10 −9 mbar͒ at T ann = 900 K for 1 h. After cooling to room temperature, the films were capped with 5 nm of Cr for protection. Thickness and structure of all samples were studied by ex situ x-ray diffraction ͑XRD͒. The thicknesses given above have been obtained from total thickness oscillations in small-angle XRD. The fundamental ͑400͒ reflection of the cubic Fe 3 Si structure and the weak ͑200͒ superstructure reflection of the B2 structure have been observed in -2 high-angle XRD scans. The nominal composition and the D0 3 and B2 chemical order parameters of the films were determined by 57 Fe Mössbauer spectroscopy in combination with spectra simulations. 33 For instance, the actual compositions of our three samples were found to be 25% and 28% Si for the 8 and 40 nm thick films ͑nominally 25% Si͒ and 19.5% Si for the 8 nm thick film ͑nominally 20% Si͒. The actual 28% Si content of the 40 nm thick film was independently confirmed by Auger electron spectroscopy sputter profiling to be 27.7% Si. 33 In order to precisely determine the spin relaxation parameters, the frequency dependence of the FMR spectra was investigated within a wide range of microwave frequencies between 1 and 70 GHz. Furthermore, the in-and out-ofplane angular dependencies of the FMR linewidth were recorded at microwave frequencies of 9.9 and 24 GHz. In addition, the saturation magnetization of the samples was measured by a superconducting quantum interference device ͑SQUID͒. All FMR and SQUID experiments were performed at room temperature ͑RT͒. While the static properties of the samples are reported elsewhere, 34 here, we present the results of the dynamic magnetic properties.
IV. RESULTS AND DISCUSSION
The frequency dependence of the FMR linewidth for an 8 nm thick Fe 3 Si film measured along two different in-plane directions, ͓100͔ and ͓110͔, is shown in Fig. 1͑b͒ . The two fit curves in Fig. 1͑b͒ were obtained with the help of our model based on Eq. ͑4͒ using fixed angles B = 90°͑external field in plane͒ and B =0°or B = 45°͑external field parallel ͓100͔ or ͓110͔ direction, respectively͒. The only fitting parameters used for the frequency-dependent FMR linewidth are ⌬B inhom , G, and ⌫ corresponding to a small frequencyindependent inhomogeneous contribution, the Gilbert damping, as well as the two-magnon scattering, respectively. The values of 0 M eff and g factor that were needed for fitting of the linewidth data were determined by analyzing the azimuthal and polar angular dependencies of the FMR resonance field according to Eq. ͑2͒. The angular dependencies of the FMR resonance field and the fits are shown in Figs. 1͑e͒ and 1͑f͒. The fit yielded 0 M eff = 1.080͑1͒T, K 4 / M = 4.5͑1͒ mT ͑cubic anisotropy field͒, and g = 2.075͑5͒. 34 The SQUID measurements yielded a saturation magnetization of 0 M = 1.105 T. The linewidth broadening due to mosaicity ͓see Eq. ͑8͔͒ cannot be determined from the frequency dependence of ⌬B along principal axes ͑͗100͘ and ͗110͒͘ because then the partial derivatives in Eq. ͑8͒ are zero. In Fig.  1͑b͒ , one can see that the curvature along the ͓100͔ direction is more pronounced than the along the ͓110͔ direction. This clearly indicates the presence of two-magnon scattering, as pure Gilbert-like damping would lead to a linear dependence. The fit parameter ⌫ in Eq. ͑9͒ is a factor scaling the curve with respect to the y axis. The precision of the fit parameters can be enhanced significantly when the in-and out-of-plane angular dependencies of the FMR linewidth are fitted using Eq. ͑4͒ for a fixed frequency of f = 9.9 GHz. The azimuthal and polar angular dependencies of the FMR linewidth are shown in Figs. 1͑c͒ and 1͑d͒ , respectively. The polar angle dependent measurement is performed by rotating the external field from the ͓110͔ toward the ͓001͔ direction. Taking only the Gilbert mechanism according to Eq. ͑7͒ into account, one obtains the dashed curves. This clearly shows that the Gilbert mechanism alone is not sufficient to describe the relaxation within the films. In particular, the azimuthal angular dependence of the FMR linewidth should have eight maxima due to the field-dragging effect. Note that due to the small value of G, this angular dependence can hardly be seen. In contrast to the expected behavior, the in-plane angular dependence of the FMR linewidth shows just fourfold ͑four maxima͒ symmetry ͓Fig. 1͑a͔͒.
This observation can be explained by considering all contributions of Eq. ͑4͒ with the fit parameters obtained from the frequency dependence. There are two issues to note. ͑i͒ For all angles between the hard and easy directions, i.e., ͗100͘ and ͗110͘, field-dragging effects ͓see Eq. ͑5͔͒ have to be taken into account because then M ជ and B ជ are not aligned parallel. This is due to the large demagnetizing field, which acts as an anisotropy contribution. That broadening of the resonance line for the out-of-plane angles −30°Ͻ B Ͻ −5°a nd 5°Ͻ B Ͻ 30°can be observed nicely in the dashed line of Fig. 1͑d͒ . In the in-plane angular dependence, field dragging plays a minor role, as depicted by the almost constant dashed line in Fig. 1͑c͒ , since the in-plane anisotropy fields are small. ͑ii͒ Comparing the frequency dependencies of the linewidth taken along two distinct directions, it is obvious that the two-magnon contribution is angle dependent. In fact, it has the same fourfold symmetry ͑four maxima͒ in the film plane as it is observed for the angular dependence of the resonance position. Such a behavior of anisotropic twomagnon scattering was observed earlier for thin metallic ferromagnets, 25, 26 superlattices, 14 as well as half Heusler alloy films. 32 In some cases, this could be correlated to defect structures ͑e.g., dislocation lines͒ being oriented along distinct crystallographic directions, thus leading to an asymmetry which is the same as the one of the crystal lattice. In the D0 3 structure, the ͗100͘ and ͗110͘ directions are inherently different ͓Fig. 1͑a͔͒. In such a case, the Fourier component of the defects leads to a fourfold angular dependence being proportional to f͑ B − ͗x i ͘ ͒ = cos 2 ͓2͑ B − ͗x i ͘ ͔͒ due to an effective channelling of scattered spin waves ͑for more details, see Ref. 25͒. This function was also used to fit the in-plane angular dependence. Note that the fitted curves in Figs. 1͑b͒-1͑d͒ are not least squares fits of the frequencydependent data but are the result of a fit to Eq. ͑4͒ using both the angular and frequency dependencies of the linewidth yielding a unique set of parameters.
The fits reveal a small mosaicity of the sample in the order of 0.05°-0.1°for ⌬ B and ⌬ B . In the film plane, the mosaicity term is slightly bigger than along the perpendicular direction ͑⌬ B Ͼ⌬ B ͒. This implies that the lateral variation of the anisotropy fields in the film plane ͑either in orientation or strength͒ is bigger than the one of the effective demagnetizing field along the perpendicular direction.
In summary, the frequency dependence as well as the angular dependencies for the 8 nm Fe 3 Si film can be explained by one set of fit parameters that are summarized in Table  I͑a͒ . The entire angular dependence can be explained by anisotropic two-magnon scattering and mosaicity effects. No angle dependent Gilbert damping parameter needs to be invoked. The measured intrinsic Gilbert parameter is slightly smaller than the bcc Fe-bulk one ͑6 ϫ 10 7 Hz͒. 35 This is due to the fact that the spin-orbit coupling in this structure is slightly smaller than for bulk Fe. [36] [37] [38] The two-magnon scattering along the ͗100͘ directions is about five times more effective than that along the ͗110͘ directions. Its strength is comparable to the intrinsic Gilbert damping contribution, G, but small in comparison with the values measured for FeV superlattices. 13, 14 Indeed, earlier works employing Möss-bauer spectroscopy 39 has shown that the defects in bulk Fe 3 Si are mainly concentrated in ␣ sublattices ͓being oriented parallel to the ͗100͘ directions, see Fig. 1͑a͔͒ . This scenario, which was confirmed recently by first principles density functional calculations in combination with statistical mechanics, 40 naturally explains the fact that the two-magnon contribution is stronger along the ͗100͘ directions. According to Refs. 39 and 40, the probability of defect formation along the ͗100͘ directions is higher than that along the ͗110͘ directions. This already confirms that the ͗100͘ and ͗110͘ directions are not equivalent. Indeed, Refs. 39 and 40 discuss not only point defects but also preferential diffusion channels. The latter are the ones that to our opinion might lead to large scale defects with average separation on the order of excited spin waves ͑100 nm͒ within the film. To quantify these defects is not the goal of this manuscript. We rather propose that such defects must be present. We point out that there are other broadening mechanisms, i.e., exchange-conductivity, surface pinning, or surface anisotropy effects. 41 To account for their possible contribution, we have performed the calculations using the formulas for FMR microwave absorption obtained from the equation of motion and Maxwell and boundary equations 41 of the linewidth contribution caused by exchange-conductivity and by surface spin pinning effects. For our case, 0 M eff ϳ 1 T, g ϳ 2.075, G = 5.1ϫ 10 7 Hz, and film thickness of 8 -40 nm, both linewidth contributions are less than 0.1 mT for 18-70 GHz. Therefore, they can be neglected.
If lattice defects in the volume of the film and not at the interfaces are the origin of the two-magnon scattering, one would expect that its strength increases with film thickness when the volume part of the film becomes the dominating contribution. This is demonstrated in Fig. 2 , where the frequency and angular dependencies of the FMR linewidth of an as-prepared ͑not annealed͒ 40 nm thick sample are plotted. The values for this film were obtained in the same way as described for the case of the 8 nm thick sample. They indeed show ͓see Table I͑b͔͒ that the two-magnon contribution is increased along both principal in-plane directions. While the Gilbert contribution is the same ͑G is a material dependent constant͒, the two-magnon contribution has even overcome the Gilbert damping along the ͗100͘ directions ͓see Table I͑b͔͒ .
One notices that the two-magnon scattering strength for the 40 nm film is about twice that of the 8 nm film. This is mainly due to the change in the available density of states for the degenerate magnons in the thicker film. This thickness dependence has been established recently in Ref. 42 . The enhanced two-magnon scattering in the 40 nm sample is another experimental confirmation of the theory that has been recently developed by Krivosik et al. 42 The authors showed that the available density of states for the degenerate magnons increase for thicker films. In addition, the larger mosaicity supports the fact that the thicker film has less structural perfection than the 8 nm thick one. We note, however, that the structural imperfection could also be related to the fact that this sample was not annealed. In the thick sample with stronger two-magnon scattering, another effect can be observed in Fig. 2͑c͒ : the linewidth along the film normal is smaller than the one in the film plane. The dragging effect as a cause can be ruled out, as M ជ and B ជ are parallel in these directions ͑see discussion above͒ and also the Gilbert contribution is the same. Thus, one has to conclude that the twomagnon scattering depends on the polar angle, being switched off for the perpendicular geometry.
It was found experimentally 39 and later theoretically 40 that the defect formation energy increases with increasing Fe concentration, i.e., less defects are expected for a larger amount of Fe. In order to monitor this effect, an 8 nm Fe 80 Si 20 film was prepared. The phase diagram of Fe 100−x Si x shows that the D0 3 structure is stable in the Si-concentration range between 12.5% Ͻ x Ͻ 31%. 43 Therefore, a structural transformation due to the reduction of the Si concentration can be ruled out as it is also demonstrated by our x-ray diffraction experiments. 34 The frequency and angular dependencies of the 8 nm Fe 80 Si 20 film are shown in Fig. 3 . It is obvious that the twomagnon scattering contribution is now much smaller than that in the stoichiometric sample ͑Fig. 1͒. The in-plane angular dependence of the FMR linewidth in Fig. 3͑b͒ shows eight maxima that is expected from a mosaicity driven linewidth broadening as well as for a strong field-dragging contribution in the Gilbert damping. It can be seen that a smaller fourfold symmetry ͑four maxima͒ is superimposed on the eight maxima, indicating that two-magnon scattering is still present. This time, its strength is much smaller than the mosaicity effect.
The magnetic relaxation parameters are listed in Table  I͑c͒ . The Gilbert parameter G is found to be slightly larger than that in the stoichiometric Fe 3 Si film, which means a slightly larger spin-orbit coupling for this structure as expected due to the larger Fe content. We note that this enhancement is also confirmed by measurements of the g factor as well as the magnetic anisotropy, which also show a slight increase with respect to the stoichiometric sample. 34 As both quantities are related to orbital magnetism, they support the finding of a larger Gilbert parameter.
V. CONCLUSION
The magnetic relaxation mechanisms in thin epitaxial Fe 3 Si and Fe 80 Si 20 films were investigated using FMR in a wide range of microwave frequencies ͑1-70 GHz͒. A comprehensive measurement and analysis of two separate and independent observables in the FMR linewidth, namely, the angular and frequency dependencies, is presented. It is shown that the measured physical parameters, Gilbert damping as well as the spin-wave excitation rate ␥⌫, allow a complete understanding of the frequency and the angle dependent linewidth data simultaneously.
The model by Arias and Mills [28] [29] [30] is confirmed for thin magnetic structures. We showed that the Gilbert damping parameter and the non-Gilbert-type relaxation rates can be tuned by slightly modifying the Fe concentration or film thickness or by annealing. These results are important also from the applications, i.e., the magnetization reversal and dynamic response in spintronic devices.
